Because the gut microbiota and immune system are immature at birth, very early introduction of complementary foods has been implicated as a trigger of immune-mediated processes that may lead to development of type 1 diabetes (1) (2) (3) (4) (5) . Early introduction of root vegetables, fruits or berries, or cereals has been inconsistently associated with islet autoimmunity in prospective studies in children with increased susceptibility to type 1 diabetes (2, 4, (6) (7) (8) (9) . The inconsistent results may be related to association-modifying effects of genes and breastfeeding (10) (11) (12) .
Few prospective studies have reported findings on age at introduction of foods relative to risk of development of clinical type 1 diabetes (7, 8, 12, 13) , and these studies were mostly of genetically susceptible children (7, 8, 12) . In the US-based Diabetes Autoimmunity Study in the Young (DAISY), early (<4 months) and late (≥6 months) introduction of solid foods were associated with increased risk of type 1 diabetes (12) . In the Norwegian Environmental Triggers of Type 1 Diabetes (MIDIA) study, no significant associations were observed except for a protective association of breastfeeding for 12 months or longer (7) . The German Primary Prevention of Type 1 Diabetes in Relatives at Increased Genetic Risk (BABYDIET) Study reported an association between early (<3 month) introduction of gluten containing cereals and type 1 diabetes (8) .
In theory, greater food diversity could result in healthy modifications in the development of the gut microbiota and immune system, and thereby decrease the risk of type 1 diabetes (1, 14) . The association between greater food diversity in infancy and decreased risk of childhood allergic diseases (15) encouraged us to study whether food diversity also is associated with the risk of type 1 diabetes.
We previously reported on the associations between breastfeeding and age at introduction of foods with the development of advanced islet autoimmunity (4, 6) . Now, with a larger study population and longer follow-up, our primary aims were to study whether breastfeeding and age at introduction of complementary foods or food diversity in infancy are associated with advanced islet autoimmunity or type 1 diabetes. The secondary aims were to study whether follow-up time and selected type 1 diabetesrelated genes modify the associations between infant dietary exposures and advanced islet autoimmunity or type 1 diabetes.
METHODS

Study design and population
This study is part of the Finnish Type 1 Diabetes Prediction and Prevention (DIPP) Study, which is a large, population-based birth-cohort study of children with human leukocyte antigen (HLA)-conferred susceptibility to type 1 diabetes (16) . In the DIPP Nutrition Study, 7,782 children born in the Tampere and Oulu University Hospitals between September 1996 and September 2004 were invited for follow-up (Web Figure 1 , available at https://academic.oup.com/aje). Children with genotypes HLA-DQB1*02 ⁄ *03:02 and DQB1*03:02⁄x (x stands for alleles other than DQB1*02 or DQB1*0602/3 until March 1997 and other than DQB1*02 or DQB1*06:02 thereafter) were eligible for DIPP follow-up. The children were invited to study visits at intervals of 3-12 months until the age of 15 years or until the manifestation of type 1 diabetes. The inclusion criterion for the present study was having data on early feeding and islet autoimmunity and/or type 1 diabetes. To test the potential gene-modifying effects of the insulin (INS) and protein tyrosine phosphatase, nonreceptor type 22 (PTPN22) genes, we used a nested case-control setting within the cohort. For 295 children with advanced islet autoimmunity (in September 2012), we randomly selected 2 control subjects matched with the case children for date of birth within 3 months, sex, HLA genotype, and area of birth, and who were islet cell antibody-negative and did not have diabetes at the time the case child was determined to have met study criteria. Parents gave their written informed consent for genetic testing of their newborn from a cord blood sample and for participation in the follow-up. The study adheres to the Declaration of Helsinki, and the local ethics committees approved the study protocol.
Dietary assessment
Parents completed age-specific dietary questionnaires and an "age at introduction of new foods" form. The form and the questionnaires were checked by a trained study nurse at study visits when the children were 3, 6, 12, 18, and 24 months old (4). Information was requested about the duration of breastfeeding, use of infant formulas and vitamin supplements, and child's age at introduction of complementary foods. The duration of exclusive breastfeeding was defined as the age the child first consumed any food or drink other than breast milk, water, or dietary supplements. Early exposure to any infant formula or cow's milk-based formula in the hospital was considered as the end of exclusive breastfeeding and first use of cow's milk, respectively. Duration of any breastfeeding was the age when the child received breast milk for the last time. Introduction of a new food (e.g., cow's milk or cow's milk-based infant formula (combined); potatoes; carrots; turnip; fruits or berries (combined); cereals (i.e., rye, wheat, oats, and barley combined); other cereals; meat; fish; egg; cabbage; spinach or beetroot (combined); and lettuce) was recorded with an accuracy of 0.5 months. The food diversity was the sum of these 13 foods or food groups that the child had started to consume. Age at introduction of solid foods was the first introduction of any of the following: roots, fruits or berries, cereals (i.e., rye, wheat, oats, and barley combined), other cereals, meat, fish, egg, cabbage, spinach, beetroot, and lettuce. Age at introduction of roots included carrots, potatoes, and turnip.
Advanced islet autoimmunity, type 1 diabetes, and progression to type 1 diabetes Children were screened for islet cell antibodies at intervals of 3-12 months, as previously described (4) . When a child seroconverted to positivity for islet cell antibodies for the first time, all preceding and subsequent samples from that participant were analyzed for insulin autoantibodies, glutamic acid decarboxylase, and islet antigen-2 antibodies. Islet cell antibodies were quantified by a standard indirect immunofluorescence method; insulin autoantibodies, glutamic acid decarboxylase, and islet antigen-2 antibodies were quantified via specific radiobinding assays. Advanced islet autoimmunity was defined as repeated positivity for islet cell antibody and at least 1 other autoantibody, excluding transplacentally transferred autoantibodies. Children with type 1 diabetes were included in the group of children with advanced autoimmunity. Type 1 diabetes was defined according to World Health Organization criteria (17) . Risk of progression to type 1 diabetes was assessed among children with repeated positivity to at least 1 islet autoantibody (progression cohort). The number of case children for the whole cohort was updated between May 2014 and May 2015.
Genetic analyses
HLA-DQB1 was genotyped using panels of sequence-specific oligonucleotide probes, as previously described (18) . Genotypes HLA-DQB1(*02/*03:02) represent high and HLA-DQB1*03:02/ x (x ≠ *02, *03:01, *06:02) represent moderate risk for type 1 diabetes. INS-23 A/T (rs689) and PTPN22 1858C/T (rs2476601) were genotyped using the Sequenom platform (Sequenom, San Diego, California), or using the TaqMan single nucleotide polymorphism genotyping array (Thermo Fisher Scientific, Inc., Waltham, Massachusetts), with INS AA and PTPN22 TT/CT regarded as the risk genotypes for type 1 diabetes (19) .
Demographic and perinatal characteristics
Information on maternal vocational education and age, any type of diabetes in a first-degree relative (i.e., familial diabetes), and sex of offspring was collected via a questionnaire after childbirth. For each mother, information on the number of previous births, gestational age of the newborn, number of fetuses, newborns' birth weights and length (ponderal index was calculated as kilogram per cubic meter), and maternal smoking during pregnancy was obtained from the medical birth registers of the university hospitals.
Statistical methods
To study the associations between characteristics of the participants and dietary exposures with advanced islet autoimmunity, a piecewise linear log-hazard survival model was used (Web Appendix 1; Web Figure 2 ). The risk of type 1 diabetes in the whole cohort and in the progression cohort were assessed with Cox proportional hazards regression analysis. For progression to the type 1 diabetes outcome, delayed entry in the risk set was incorporated into the model (i.e., subjects entered the analysis at the age of autoantibody positivity and exited at their event or censoring age). In the Cox models, dependence among siblings was taken into account by performing a marginal analysis with a working independence assumption and a robust sandwich estimator of variance.
Age at introduction of each food and duration of exclusive and any breastfeeding were categorized into thirds; the last third was used as the reference category. Because all children are unexposed at birth, the children shifted to their exposure category at the time of the introduction. Food diversity was categorized into 3 or 4 classes based on variable distributions, and the last class was used as the reference category. Results of the main analysis were adjusted for HLA risk genotype (high or moderate), familial diabetes (yes or no), child's sex (male or female), and maternal education (none, vocational, secondary vocational, university studies or degree). The unadjusted sensitivity analyses of the breastfeeding variables included division of the exposure variable into quarters, as well as disregarding the hospital exposure to infant formula when the exclusive breastfeeding was divided in thirds.
The proportionality of the hazards was tested by adding linear interaction terms of the dietary exposures with time to the models of advanced islet autoimmunity and type 1 diabetes. If there was any indication of an interaction (P < 0.05), then separate results at age categories 0.0-3.0, 3.1-6.0, and older than 6.0 years were obtained to illustrate the observed time-varying effect. To study whether the HLA risk genotype modified the associations between dietary exposures and outcomes, we added interaction terms to the models. Separate results for HLA risk genotype categories are presented if the interaction was significant (P < 0.05). Finally, conditional logistic regression analysis with interaction terms was used to study whether INS and PTPN22 genotypes modified the associations in the nested case-control setting.
SAS software, version 9.3 (SAS Institute, Inc., Cary, North Carolina), was used to perform the analyses. Statistical significance was set at 2-sided P < 0.05.
RESULTS
Of the 6,081 participants enrolled, 5,915 had data on early feeding (Web Figure 1 ). For this group of 5,915 children, the median number of antibody measurements was 11 (interquartile range, 5-16) per child. Advanced islet autoimmunity or type 1 diabetes developed in 359 children at a median age of 4.0 (interquartile range, 2.0-7.2) years, and type 1 diabetes developed in 188 children at a median age of 6.0 (interquartile range, 3.8-9.2) years. There were 975 children with repeated positivity for at least 1 islet autoantibody and 154 of them progressed to type 1 diabetes. Among these 154 children, the median duration of the preclinical period was 3.6 (interquartile range, 1.9-6.1) years after the first positivity to any autoantibody. The dropout rates among the 5,915 participants who were included in the analysis at 1-and 5-year follow up were 10.5% and 34.6%, respectively.
Male sex, the high-risk HLA-DQB1 genotype, and familial diabetes were associated with increased risk of advanced islet autoimmunity and type 1 diabetes (Table 1) . Maternal age and gestational age were not associated with advanced islet autoimmunity or type 1 diabetes (data not shown). Whereas higher levels of maternal education were associated with decreased risk of advanced islet autoimmunity (Table 1) , they were associated with increased risk of progressing to type 1 diabetes (Web Table 1 ).
Median duration of exclusive and any breastfeeding was 1.4 (interquartile range, 0.2-3.5) months and 7.0 (interquartile range, 3.0-10.0) months, respectively. The earliest complementary foods were infant formulas, root vegetables, fruits or berries, and cereals, which were introduced at the median age of 1.4, 3.5, 4.0, and 5.0 months, respectively. The median age at introduction of any solid food was 3.5 (interquartile range, 3.0-4.0) months.
Age at introduction of foods and risk of advanced islet autoimmunity and type 1 diabetes Duration of breastfeeding or age at introduction of any new foods were not associated with development of advanced islet autoimmunity, type 1 diabetes (Table 2) , or progression to type 1 diabetes among children with repeated autoantibody positivity (Web Table 2 ) over the 15-year follow-up. These associations were not affected by adjustment for HLA genotype, familial diabetes, child's sex, and maternal education (change in hazard ratios owing to adjustment varied between 0.0 and 0.18). Breastfeeding at the time of introduction of each food, adjusted with age at introduction of each food, was not associated with risk of islet autoimmunity or type 1 diabetes, or progression to type 1 diabetes.
A total of 181 children had an early exposure to infant formula but were not in the first third of exclusive breastfeeding when early exposure was disregarded. Duration of exclusive breastfeeding, when hospital exposure to infant formula was disregarded, was not associated with advanced islet autoimmunity or type 1 diabetes. Shorter exclusive breastfeeding and any breastfeeding, when divided in quarters, were associated with increased risk of advanced islet autoimmunity but not type 1 diabetes (Web Table 3 ).
For the risk of advanced islet autoimmunity, we observed a statistically significant interaction for follow-up time with age at introduction of roots (P = 0.02), wheat, rye, oats, and barley combined (P = 0.03), egg (P = 0.008), meat (P = 0.008), and solid foods (P = 0.046) ( Table 3 ). In general, early introduction of these foods was associated with advanced islet autoimmunity development before but not after the age of 3 years (Table 3) . No other follow-up time interactions were observed for age at introduction of foods and the risk of advanced islet autoimmunity or type 1 diabetes. The HLA genotype modified the associations between the age at introduction of roots or any solid foods and modified the risk of advanced islet autoimmunity such that introduction of roots and solid foods at the age of 3-4 months versus after 4 months of age was associated with advanced islet autoimmunity only in children with the high-risk genotype (Table 4) .
The INS genotype modified the association between age at introduction of meat and risk of advanced islet autoimmunity, such that early introduction of meat (compared with the third third: for the first third, odds ratio (OR) = 3.08, 95% confidence interval (CI): 1.06, 8.95; for the middle third, OR = 1.02, 95% CI: 0.55, 1.88) was associated with advanced islet autoimmunity in children with the INS AT/TT genotype but not in those carrying the INS AA genotype (for the first third, OR = 0.60, 95% CI: 0.30, 1.21; for the second third, OR = 0.69, 95% CI: 0.48, 1.00; P for interaction = 0.046).
The PTPN22 genotype modified the association between age at introduction of fish and risk of advanced islet autoimmunity (compared with the third third of children with the PTPN22 TT/CT genotype: for the first third, OR = 1.65, 95% CI: 0.74, 3.68; for the second third, OR = 0.64, 95% CI: 0.34, 1.20; and in children with the PTPN22 CC genotype: for the first third, OR = 0.94, 95% CI: 0.56, 1.57; for the second third, OR = 1.37, 95% CI: 0.91, 2.05; P for interaction = 0.006). We observed no other modifying effects of HLA, INS, or PTPN22 genotypes on the associations between age at introduction of foods and the outcomes.
Food diversity and risk of advanced islet autoimmunity and type 1 diabetes Food diversity at age 3, 4, 6, or 12 months was not associated with the development of advanced islet autoimmunity or type 1 diabetes in the cohort (Figure 1) , nor with progression to type 1 diabetes (Web Table 4 ). Adjustment with potential confounders did not change the results.
We found no modifying effects of follow-up time or HLA genotype on the associations between food diversity and advanced islet autoimmunity or type 1 diabetes. There was no indication of modifying effect of INS and PTPN22 genotypes on the associations between food diversity and advanced islet autoimmunity.
DISCUSSION
In this large prospective birth cohort of children with increased genetic risk for type 1 diabetes, breastfeeding, age at introduction of foods, and food diversity in infancy were not consistently associated with advanced islet autoimmunity or type 1 diabetes. Furthermore, infant feeding was not associated with progression to type 1 diabetes in children with persistent autoantibody positivity. This study has several strengths. First, the large study population with more children with advanced islet autoimmunity and type 1 diabetes than in any previous prospective study, to our knowledge, and a long follow-up time enabled us to study associations with sufficient statistical power. Second, information on carefully and consistently assessed early diet was collected before the development of advanced autoimmunity or type 1 diabetes, thus reducing reporting bias. Finally, we were able to assess the possible modifying effects of followup duration and essential type 1 diabetes risk genotypes.
The main limitation of the study is that information on the amount of foods consumed at the first exposures or on the continuity of use was not available. The study population consisted of children at increased genetic risk for type 1 diabetes; whether these findings apply to the general population is not known.
In our previous reports, early exposure to root vegetables was associated with development of advanced islet autoimmunity (4, 6) . In the present report, with longer follow-up and larger number of children with advanced islet autoimmunity, this association was similar but no more statistically significant. We observed time interactions for age at introduction of some foods and, in general, early introduction of these foods had a stronger association with advanced islet autoimmunity with shorter rather than longer follow-up. However, in general, we observed no consistent associations between early feeding and clinical type 1 diabetes. These results together indicate that if early feeding plays a role in the disease process of type 1 diabetes, the role may be most important in the islet autoimmunity that develops at very young age, and the association may dilute over time.
To our knowledge, only 3 other prospective studies have explored the associations between early feeding and islet autoimmunity and clinical type 1 diabetes. In the DAISY, early (≤3 months) and late (≥7 months) introduction of any cereal and early introduction of rice were associated with increased risk of islet autoimmunity (2) . In the same population, early (<4 months) and late (≥6 months) introduction of solid foods, late introduction of any cereal and rice or oats, and early introduction of fruit were associated with increased risk of type 1 diabetes (12). In the BABYDIET study, early (<3 months) introduction of gluten-containing cereals was associated with increased risk of islet autoimmunity (2) and type 1 diabetes (8). The MIDIA study found no association between age at introduction of complementary foods and risk of islet autoimmunity or type 1 diabetes (7). The current study included more children with type 1 diabetes and infant feeding data (n = 188) compared with the DAISY (n = 53), MIDIA (n = 25), and BABYDIET (n = 74) studies (6) (7) (8) 12) . The slightly different data collection methods and categorization of infant feeding data, different inclusion criteria, and country-specific infant feeding patterns may explain the variable results.
We found no association between duration of exclusive or any breastfeeding with advanced islet autoimmunity or type 1 diabetes in the main analyses. However, analyses with quarter categorization showed that shorter breastfeeding duration was associated with increased risk of advanced islet autoimmunity but not that of type 1 diabetes. These findings, together with those of other studies (2, 6) , demonstrate a potential, weak, protective association of breastfeeding with islet autoimmunity. To analyze the risk of advanced islet autoimmunity or type 1 diabetes in breastfed versus non-breastfed children was not possible owing to the small number of non-breastfed children.
To our knowledge, this was the first study to explore the associations between food diversity in infancy and the risk of islet autoimmunity or type 1 diabetes. Our results indicate that food diversity may not be associated with the disease process leading to type 1 diabetes.
We found that introduction of roots and solid foods at age 3-4 months was associated with increased risk of advanced islet autoimmunity development in children in the HLA high-risk category but no such association was observed in children in the HLA moderate-risk category. In previous studies, which were based on a limited number of children, there has been some indication of potential differences in the associations between age at introduction of cereals (2) or gluten-containing cereals (3) by HLA genotype, so that children in the HLA high-risk category who had early introduction of cereals seemed to have the highest risk of islet autoimmunity. To our knowledge, this was the first study to report the modifying effect of INS and PTPN22 genotypes on the associations between age at introduction of solid foods and food diversity with islet autoimmunity. Only weak interactions of INS and PTPN22 genotypes and age at introduction of meat and fish, respectively, with the risk of advanced islet autoimmunity development were observed. The genetic Figure 1 . Food diversity at the ages of 3, 4, 6, and 12 months and the unadjusted hazard for advanced islet autoimmunity and type 1 diabetes in children with increased genetic susceptibility for type 1 diabetes, Type 1 Diabetes Prediction and Prevention Nutrition Study, Finland, 1996-2015. Food diversity is the sum of the following 13 foods or food groups that the child had started to consume: cow's milk or cow's milk-based infant formula (combined); potato; carrot; turnip; fruits or berries (combined); cereals (i.e., rye, wheat, oats, and barley combined); other cereals; meat; fish; egg; cabbage; spinach or beetroot (combined); and lettuce. A) Hazard ratios (HRs) and 95% confidence intervals (95% CIs) for the risk of advanced islet autoimmunity are from a piecewise linear log-hazard survival model. B) Hazard ratios and 95% confidence intervals for type 1 diabetes are from Cox regression analysis.
interaction and subgroup analyses were exploratory and showed no consistent pattern of food groups or age at introduction of foods and the risk of advanced islet autoimmunity or type 1 diabetes. These findings need confirmation from other studies before more conclusions can be made.
Taken together, our present and previous results (4, 6) , as well as those of other studies (7, 8, 12) , suggest early introduction of foods and breastfeeding may play a role in the disease process of type 1 diabetes. However, the inconsistent results may be due to the several simultaneous and subsequent exposures that may blur the associations. These include child's genotype (10) and viral infections (20) , and intake of probiotics (21) , vitamin D (22), cow's milk (10, 23) , and marine fatty acids (24) . Finally, the disease etiology can be heterogeneous regarding the type of first islet autoantibodies and progression rate to type 1 diabetes, and infant feeding may modify some immune processes more than others. Therefore, some existing weak associations may have escaped statistical significance in the present study.
To conclude, age at introduction of foods was not associated with development of clinical type 1 diabetes. We found no significant associations of food diversity with advanced islet autoimmunity and type 1 diabetes.
